INTRODUCTION
Among the multiplicity of components operating in conditions likely to cause thermal fatigue failure, the blading of aircraft gas turbines is of the greatest topical interest. The temperature of a turbine blade, especially the relatively thin edges, can change rapidly during use, because of the changing conditions associated with jet aircraft flight.
Nickel-based alloys are used for gas turbine blade material because of their combined high temperature strength and oxidation resistance. However, these materials are sometimes susceptible to thermal fatigue damage.
Because most thermal fatigue failures in service are caused by the repetition of thermal strains which result from temperature differences between various parts of.a component when it is rapidly heated or cooled, Glenny et al.(l) designed an experiment that simulated the thermal stresses occurrin used by Glenny and Taylor 9 in gas-turbine blades.
2)
Their experiment was to identify the significant factors governing the thermal fatigue behavior of a number of commercial nickelchromium-based alloys.
The tests were made ,by suddenly immersing tapered discs of the alloys alternately in hot and cold fluidized beds, each test being continued until a radial crack could be detected on the rim of the disc.
(The tapered discs used in this test'tiill henceforth be referred to as the National Gas Turbine Establishment (NGTE) specimens. ) By thermally cycling all of the Nimonic series of alloys (up to Nimonic 105), the authors found that the maximum temperature of the cycle was a more influential factor than temperature range. Increase in the upper temperature generally reduced endurance values because of the diminshing strength of the material. However, above a critical maximum temperature, the effect of temperature on endurance diminished, probably owing to the increased ductility at these temperatures, which appeared to more than counterbalance the loss of strength, A metallographic study of these discs showed that thermal fatigue cracks originated ' at the surface and were intercrystalline in origin and mode of propagation, thus exhibiting the characteristics.of creep rather than fatigue failure. Surface oxidation, which is intergranular in nature for nickel-based alloys, had a significant effect on thermal fatigue. The use of an argon atmosphere gave an appreciably longer endurance than an air atmosphere. For this reason, thin circular specimens of uniform thickness were used which were thermally fatigued in an inert argon atmosphere.
These specimens were 0.75 in. dia. x 0.620 in. thick and were cut from sheets of the two alloys.
They were then given the appropriate heat treatments (see Table I ), The specimens were loosely supported in a fused-silica holder and thermally cycled by heating rapidly to 900°C and then gas' quenched to room temperature with cooled argon. A typical thermal cycle is shown in Figure 1 . The maximum heating rate was 55OC/sec and the maximum cooling rate was 12OoC/sec. Both alloys were thermally fatigued up to 1500 cycles. (2) and all of these tests were performed at the International Nickel Co., Ltd,, Birmingham, England.
The major difference between the tapered disc specimens and the unconstrained specimens was that the former were subjected to both methcnical constraint and large thermal gradients, while the latter were not.
Because these tapered disc specimens bear a great similarity to actual turbine blades, it was thought that valuable information could be obtained from their examination.
The thermal cycle at the tapered edges of the specimen was similar to that shown in Figure 1 .
Small discs suitable for electropolishing in the PTFE holder were spark-machined from material as close to the tapered edge as possible, since this was where severest thermal fatigue damage was observed. These discs were then electropolished and examined in the electron microscope.
l&ere possible the fractured areas of these specimens were also examined optically.
RESULTS

Unconstrained Specimens
Much of this part of the investigation was reported in an earlier paper (lO) Figure 6 ). Note, that no y' depletion has occurred adjacent to the grain boundaries in both cases shown in Figure 6 .
On thermal cycling, the y' particles increased in size and had grown to -300 i in dia. after 10 cycles. Dislocation generation occurred, as in the Nimonic 75, giving rise to high.dislocation densities near the grain boundaries and the carbides ( Figure  7 ). Plastic deformation of this alloy produced superlattice dislocations due to the shearing of the ordered y' particles and these are clearly visable at A in Figure 7 . Figure  9 . It appears that thermal cycling has a profound effect on the early stages of coarsening of the y' particles. This effect causes Nimonic 90 to age much more rapidly during thermal fatigue than during high temperature annealing for an equivalent period of time.
The y' particle diameters for both types of specimens were determined mostly from bright field electron microscopy, although some dark field microscopy was also used, Because of the elastic strain fields associated with the coherent y' particles, accurate particle diameter measurements were difficult to obtain, However 'D it was thought that if there was a substantial effect on particle growth caused by thermal fatigue then this method of measurement might suffice. By a comparison of micrographs from both specimens, it was found that although the exact values for y' particle diamete,rs may be in error, the effect of thermal cycling on particle growth can still be established, since the errors would be the same for both treatments,
The initial rapid growth rate can be explained as follows: When the specimen is soaked at 900'6, the y' ripening mechanism (14) The values of G3 and t were plotted for both the 900°C soaked and the thermally cycled specimens, value of 22 and are shown in Figure 10 .
Since the is so small, lationship between E3
it was neglected. The graph shows a linear reand t for the soaked specimen, indicating that a diffusion-controlled mechanism may be operative for the y' coarsening, This is to be expected in the light of the work of Mitchell(l7);who studied the y' coarsening at aging temperatures from 600'~ to llOO"c of several Nimonic alloys, including Nimonic 90. He found that a' diffusion-controlled mechanism was responsible for the coarsening of the y' particles in all of the alloys. The fact that the values, of y' diameter measured in the present study also follow a straight line relationship indicates that they may not be too much in error, especially for large values..
In order to cheek whether the straight line in Figure 10 is a reasonably 
The diffusion coefficient for aluminum in nickel at 900°C was calculated from the expression DA1 = l.lexp (-59,5OO/RT)(l') and the diffusion coefficient for titani,um in nickel at 900°C was calculated from the expression DTi = 1.5exp (-62,800/RT)(lg). Therefore,
Since the diffusion of titanium is slower than that of aluminum it would appear that the diffusion of titanium atoms is the rate-controlling step in the growth process.
The values of Dcalc and DTi are ahOSt identical.
This indicates that the assumption that the y' particles coarsened by a diffusion-controlled mechanism in the soaked specimen of Nimonic 90 is valid. The same is true after 2500 cycles as seen in Fig, 12 . A high dislocation density is found near the boundaries of the large carbide particles, since these are very effective barriers to dislocation movement.
Carbides have nucleated on these dislocations and the y' density is lower in this region since chromium is taken out of solution during the carbide precipitation.
The effect of chromium on the y' precipitation will be discussed later, Dislocations can be observed at the interfaces of these newly formed carbides, Cansiderable deformation of the massive carbide has been produced by the high numbers of thermal cycles, as indicated by the high dislocation density within the particle.
The incoherent twin boundaries are also favorable carbide nucleation sites.
After 20 cycles, grain boundary migration occurred within precipitate-free regions ( Figure  13 ) D Because precipitate-free regions are not formed in Nimonic 90 after aging at 700°C, it must be concluded that the thermal fatigue process produces these large regions. During the high temperature segment of the thermal cycle, the boundaries may migrate through these regions.
The boundary in Figure 13 appears to have broken away from the carbide particles which originally formed on it,' and to have moved through the precipitate-free region.
Note that the precipitate-free region is only on one side of the boundary.
Severe grain boundary denudation has also been observed after 500 thermal cycles o .as shown in Figures  14 and 15 , Again, the precipitatefree region exists only on one side of the grain boundary. Figure I .5
shows a boundary which has migrated during thermal fatigue and dragged some dislocations along with it. The row of,carbides appears to have formed on the boundary before migration, but during thermal fatigue the boundary has migrated within the small y' -free region adjacent to it. Some dislocations appear to exist at the .interface between these carbides and the matrix.
A y'-free region exists adjacent to both sides of the grain boundaries in Fig. 16 , due to the growth of the M23C6 particles at the boundaries after 1500 cycles.
Soaking Experiments
In order to examine further the effect of the high temperature segment of the thermal cycle on both the dislocation morphologies and the nucleation of carbides, specimens of both alloys were deformed in tension at room temperature and soaked at 900°C ,for varying lengths of time.
After each thermal treatment, these specimens were examined at room temperature in the electron microscope.
A spec$men of Nimonic 75 was plastically strained at room temperature 1.5%, while a specimen of Nimonic 90 was plastically strained 2%; both specimens were then soaked for 5, 10, 20 and 30 minutes and examined after each soaking period. With a maximum cycle temperature of 8OO'C visible cracks were produced after 150 cycles, but testing was continued to a total of.205 cycles.
The dislocation morphologies were very similar to those found in the absence of constraint, in that much recovery had taken place, but in this case, the dislocation densities were higher.
Examination,of the fractured area by optical microscopy showed that the cracks were predominantly intergranular in nature. This is shown in Figure   18 . On raising the maximum cycle temperature to 900°C, different dislocation morphologies were produced and fracture was first observed after 50 cycles. The cycling was, however, continued for 100 cycles before the specimen was metallographically examined. Figure 22 shows the arrangement of dislocations near a grain boundary. The dislocations are randomly distributed and irregularly shaped.
No dislocation loops or superdislocations are present. The average v' particle diameter was approximately 540 ;i, which is approximately equal to the average v' particle diameter produced in an unconstrained specimen which was cycled the same number of times.
A y'-free region adjacent to the boundary is present.
Carbides are present both at the grain boundary and in regions of high dislocation density within the v'-free region.
Interface dislocations surround some of these particles (at A in Figure 22 ), Many well-defined sub-boundary networks have formed.in the y'-free region and these are shown at B in Figure 22 . This region shows extensive recovery, probably due to the higher mobility of the dislocations in regions which do not contain any y' particles.
Within the interior of the grains, the dislocations are either randomly dispersed or contained within slip-bands. This is shown in Figure 23 . This figure shows two arrays which contain a high density of dislocations.
Trace analysis has indicated that these arrays lie in (111) Figure 24 . These carbides have formed in the vicinity of massive carbide particles which were present before thermal fatigue testing had'begun. There appears to be a y'-free region adjacent to these carbides, and the dislocations within this region have formed into well-defined recovery networks.
The fractured areas of this specimen were also examined optically. All of the fractures initiated at the periphery of the tapered disc, and the cracks were intergranular in nature. This is shown in Figures  25 and 26 . Considerable carbide precipitation in some grains very close to the periphery of the disc had occurred. This precipitation appears to have taken place on slip-bands, although more random carbide precipitation is also observed in many of the grains. This can be seen at point A in Figure 25 .
Carbides are prevalent along almost all of the grain boundaries, and a corrosion product appears to have penetrated the cracks which were initiated at the periphery (point A, Figure 26 This means that the change in the distribution of secondary phases with increased testing cannot be predicted from aging data alone.
In the early stages of the thermal fatigue of Nimonic 90, the y' particle'size is quite small; thus, superlattice dislocations are produced during plastic deformation'because of the shearing of the y' particles.
As testing is continued, the y' particle diameter rapidly increases to a size where dislocations can no longer shear some of the particles, but must circumvent them by either bowing between them or cross-slipping around them, thus leaving prismatic loops around the y' particles.
Upon further testing, the y' particle size and interparticle spacing become so large that the dislocations can more easily pass between the particles without always having to resort to bending between them.
The Thus, Nimonic 75 is more ductile and this may more than compensate for its lower strength.
Glenn-y and Taylor also reported that above a crStical maximum cycle temperature the thermal endurances of all the Nimonic alloys improve. This can also be explained by the fact that above this critical temperature (which varies according to the alloy) a large amount of recovery may take place, thus increasing the ductility of these alloys.
Pt is accepted that increasing the ductility will give rise to improved thermal endurance and it seems likely that high temperature ductility and the ability to recover are closely associated.
Thermally cycled specimens of Nimonic 90 exhibited precipitatefree regions adjacent to grain boundaries, In many cases these regions were situated on only one side of the boundary and since they were never observed in the heat treated specimens, it is concluded that the precipitate-free regions from during thermal cycling. A possible explanation for the formation of these y'-free regions follows. Cellular precipitation of M23G6 occurs during aging ( Figure  6 ). Within the region containing the cellular carbides, no y' particles are nucleated owing to the low chromium concentration in the matrix material that exists between the carbide rods. The loss of chromium is thought to increase the solubility for titanium and aluminum of the matrix, thus retarding the formation of the y' phase. During the high temperature segment of the thermal fatigue cycle, the carbide particles may spheroidize and grow, thus maintaining the low chromium concentration on one side of the boundary; the JI' particles would still be prevented from forming in this region,
In some cases the grain boundary appears to have moved within the precipitate-free region, thus freeing itself from the carbides.
It is much easier for a grain boundary to move within such a region than to move in a region containing coherent particles.
For the boundary to migrate Fn a region containing y' particles, the particles would have to dissolve, since otherwise, they would no longer be coherent with the new grain. In some cases the boundary had broken away from the carbides which had formed on it. This means that the boundary is no longer anchored by the carbides and would be more susceptible to cavitation. showing the prismatic punching of dislocations from around a particle of M7C3" x35,000
.^ Fig.4 
